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A Structural Model for the HIV-1 Rev–RRE Complex
Deduced from Altered-Specificity Rev Variants
Isolated by a Rapid Genetic Strategy
Chaitanya Jain and Joel G. Belasco following HIV-1 infection are short multiply spliced mes-
sages encoding the regulatory proteins Rev, Tat, andDepartment of Microbiology and Molecular Genetics
Nef. Rev, in turn, facilitates the nuclear export of longerHarvard Medical School
mRNAs that are singly spliced or unspliced and thatBoston, Massachusetts 02115
contain a 0.35 kb cis-acting RNA element called the Rev
response element (RRE). This action by Rev is crucial,
since it allows the synthesis of several important viralSummary
proteins and provides an essential supply of HIV-1 RNA
genomes for packaging into new viral particles (MalimA broadly applicable genetic strategy was developed
et al., 1989).for investigating RNA–protein interactions and applied
Rev itself is a 116 amino acid protein that has beento the HIV-1 Rev protein. By rapidly screening thou-
classified as an arginine-rich RNA-BP because it con-sands of Rev–RNA interactions in Escherichia coli, we
tains a 17 amino acid RNA-binding domain (amino acidisolated Rev suppressor mutations that alleviated the
residues 34–50) that includes 10 arginine residues (Fig-deleterious effect of mutations in RRE stem–loop IIB,
ure 1A; Lazinski et al., 1989). Circular dichroism experi-the high affinity RNA-binding site for Rev. All of these
ments have shown that a synthetic oligopeptide corre-
suppressor mutations map to a single arginine-defi-
sponding to this Rev domain forms an a-helix, and this
cient face of a Rev a-helix, and some alter the binding isolated a-helix binds with high affinity and specificity
specificity of the protein, providing genetic evidence to the same high affinity binding site within the RRE as
for direct contacts between specific Rev amino acids the full-length protein (Tan et al., 1993). This high affinity
and RNA nucleotides in the RNA complex of Rev. The binding site, stem–loop IIB (Figure 1B), contains an inter-
spatial constraints suggested by these data have en- nal loop that, together with some flanking sequences,
abled us to model the structure of this complex. is crucial for Rev binding (Bartel et al., 1991). A pair of
guanine nucleotides at the top of the internal loop and
Introduction a guanine and adenine nucleotide at the bottom are
known to form two noncanonical base pairs that open
the major groove of the A-form RNA double helix (BartelRNA-binding proteins (RNA-BPs) play a key role in a
et al., 1991; Iwai et al., 1992; Battiste et al., 1994; Leclercvariety of cellular and viral processes, and defects in
et al., 1994; Peterson et al., 1994). Opening this groovesome of these proteins have been implicated in congeni-
is thought to facilitate the formation of contacts betweental health disorders (Burd and Dreyfuss, 1994). As a
Rev and the RNA by making the bases more accessibleconsequence, interest in RNA-BPs has burgeoned.
to the arginine-rich protein helix, which otherwise wouldMost RNA-BPs can be grouped into families on the
be too large to fit within the RNA major groove (Battistebasis of shared sequence motifs within their RNA-bind-
et al., 1994; Leclerc et al., 1994).ing domains. The best known of these families are those
Despite the importance of Rev for HIV-1 pathogenesis,that contain an arginine-rich RNA-binding domain or
little is understood about the origin of its RNA-bindingone or more RNA-recognition motifs (RRMs, also known
specificity. No structure has been reported for the RNAas RNP motifs), but several other RNA-BP families also
complex of Rev, and although alkylation interferenceexist (Burd and Dreyfuss, 1994). Although the members
has been used to map a number of nucleotides in stem–of each family of RNA-BPs share certain sequence char-
loop IIB that appear to be contacted by Rev (Kjems etacteristics with other members of the same family, they
al., 1992), the protein residues responsible for theseeach bind to a distinct RNA element that usually bears
contacts have not been identified. Conversely, alanine-little resemblance to the RNA targets of structurally re-
substitution mutagenesis has shown that some of the
lated RNA-BPs.
arginine residues in the arginine-rich helix of Rev are
Despite the biological importance of RNA-BPs, very
important for RNA binding (Tan et al., 1993), but their
little isunderstood about the way in which these proteins role in binding and the RNA nucleotides that they may
achieve their remarkable target specificity. This lack of contact have not been determined. Thus, while much is
knowledge has been due in large measure to the ardu- known about the structure of stem–loop IIB and the
ous nature of the methodology that has been available putative RNA-binding domain of Rev, it is unclear how
for addressing this question: on the one hand, X-ray the arginine-rich Rev a-helix docks within the RNA major
crystallography and nuclear magnetic resonance (NMR) groove and achieves sequence-specific target recog-
analysis of protein–RNA complexes; and on the other, nition.
site-directed mutagenesis to create a large number of We felt that to address the question of how Rev is
protein variants with defined amino acid substitutions, able to recognize stem–loop IIB with such a high degree
which must then be purified and characterized one at of specificity, it would be helpful to employ a genetic
a time. As a consequence, for only a very few RNA- strategy for identifying Rev residues important for RNA
BPs has the structural basis for target recognition been target recognition. Therefore,we have developed a rapid
analyzed in much detail. genetic method of broad applicability for screening ran-
A paradigm for the arginine-rich family of RNA-BPs domly generated RNA-BP variants for mutations that
is the essential HIV-1 protein Rev (Sodroski et al., 1986). affect RNA binding. Using this approach, we have identi-
fied several novel gain-of-function mutations in Rev thatThe first HIV-1 mRNAs that appear in the cytoplasm
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Table 1. Repression of lacZ Translation by Bound Rev or U1A
b-galactosidase activity
Reporter Control Repression
plasmid plasmid pREV1 pU1A ratio
pLACZ-IIB 9.8 6 0.2 0.52 6 0.04 10.3 6 0.5 19
pLACZ-U1hpII 23.0 6 0.4 24.2 6 0.2 0.44 6 0.03 52
E. coli WM1/F9 cells containing pLACZ-IIB or pLACZ-U1hpII and
either pREV1, pU1A, or pACYC184 (a negative control) were grown
overnight and then diluted into fresh medium containing 1 mM IPTG
to induce Rev or U1A synthesis. After 90 additional min of growth,
cells were permeabilized and assayed for b-galactosidase activity
(Jain and Kleckner, 1993). Repression ratios for pLACZ-IIB and
pLACZ-U1hpII were calculated by dividing the b-galactosidase ac-
tivity in cells containing pACYC184 by the b-galactosidase activity
in cells containing pREV1 or pU1A, respectively. Because some of
the residual b-galactosidase activity in cells containing pREV1 or
pU1A is a remnant of the enzyme produced prior to full induction
of the repressing RNA-BP (see Experimental Procedures), the mea-
sured repression ratios are minimum estimates.
heterologous RNA-BP by inserting a binding site for that
protein just upstream of an RNA element important for
translation initiation (i.e., the Shine-Dalgarno element).
We reasoned that binding by the RNA-BP inE. coli would
sterically hinder ribosome binding and reduce b-galac-
tosidase production.
As model systems to assess the feasibility of this
approach, we tested both Rev and the spliceosomal
protein U1A, an RRM–containing RNA-BP that binds to
hairpin II of U1 small nuclear RNA (U1hpII; Scherly et al.,
1990; Bentley and Keene, 1991). Either of two reporter
Figure 1. Rev and RRE Stem–Loop IIB
plasmids were introduced into a lacZ2 E. coli strain. One,
(A) Sequence of the HIV-1 Rev protein. Amino acids are represented
pLACZ-IIB, encodes a modified lacZ transcript in whichusing the one-letter code. The arginine-rich region is underlined.
a binding site for Rev (RRE stem–loop IIB) has been(B) Sequence and secondary structure of stem–loop IIB of the HIV-1
introduced a few nucleotides upstream of the Shine-RRE. Stem–loop IIB (boxed) is shown in the context of a segment
of lacZ-IIB mRNA surrounding the ribosomebinding site. Noncanon- Dalgarno element (Figure 1B). The other, pLACZ-U1hpII,
ical base pairs within the internal loop are indicated by dashed lines. encodes a second modified lacZ transcript that instead
The stem–loop sequence is numbered according to Malim et al. contains a binding site for U1A (U1hpII) at this posi-
(1990). The translation initiation codon and rudimentary Shine-Dal-
tion. Each of the resulting strains was then transformedgarno element of the mRNA are underlined. The sequence of the
with one of three additional plasmids: pREV1, whichcorresponding region of the lacZ-U1hpII transcript was identical
encodes the HIV-1 Rev protein; pU1A, which encodesexcept that the segment containing stem–loop IIB (nucleotides 45–
81) was replaced with a segment derived from U1hpII (AAUCCAUUG the N-terminal RNA-binding domain of the human U1A
CACUCCGGAUU). protein; or the parent plasmid pACYC184, which en-
codes neither protein and served as a negative control.
Expression of Rev and U1A was induced, and cellular
allow it to bind with enhanced affinity to defective RNA b-galactosidase activity was assayed 90 min later to
targets by increasing its general RNA-binding affinity or assess the degree to which these RNA-BPs inhibited
by altering its binding specificity. These genetic data lacZ translation (Table 1).
suggest the identity of specific amino acid–nucleotide These experiments showed that the production of Rev
contacts within the Rev–RNA complex and allow a or U1A in E. coli specifically repressed translation of
model to be proposed for the way in which the arginine- the lacZ message in which the corresponding protein
rich Rev a-helix fits into the major groove of RRE stem– binding site was adjacent to the Shine-Dalgarno ele-
loop IIB. ment. b-galactosidase expression from pLACZ-IIB was
reduced by a factor of 19 (the “repression ratio”) follow-
Results ing the induction of Rev synthesis from pREV1. On X-Gal
indicator plates, this repression by Rev changed the
Translational Repression by a bacterial colony color from blue to white. Similarly, the
Heterologous RNA-BP induction of U1A synthesis reduced b-galactosidase ex-
To identify Rev amino acid residues important for its pression from pLACZ-U1hpII by a factor of 52. Transla-
ability to recognize RRE stem–loop IIB, we developed tional repression by Rev and U1A was target-specific,
a broadly applicable genetic method that exploits the since neither protein had any effect on translation of the
power of Escherichia coli genetics. Our strategy was to lacZ message containing the binding site for the other
protein.subject lacZ expression to translational control by a
Genetic Analysis of HIV-1 Rev
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Figure 2. Interaction of Wild-Type Rev with
Mutant Forms of RRE Stem–Loop IIB
(A) Repression ratios and Kd values for wild-
type Rev in combination with stem–loop IIB
variants. b-galactosidase activity (Miller units
[Miller, 1972]) was measured in permeabilized
E. coli WM1 cells containing pLACZ-IIB or a
variant thereof and either pREV1 or pACYC
184 (a negative control). Owing to the ab-
sence of lac repressor, Rev synthesis was
fully derepressed throughout the entire pe-
riod of cell growth in these experiments. Re-
pression ratios were calculated from the ratio
of b-galactosidase activity in the absence
and presence of pREV1. Kd values were mea-
sured in vitro by gel-shift analysis with puri-
fied full-length Rev. Errors correspond to the
standard deviation of the mean of multiple
measurements. The C74U, G46A 1 C74U,
C49U, and C49U 1 G70A RNA variants also
contain a G77A substitution at the base of
the stem–loop and a U insertion between nu-
cleotides 43 and 44. These additional substi-
tutions have no effect on repression by Rev
(data not shown).
(B) Representative gel-shift analysis of the
binding of wild-type Rev to wild-type stem–
loop IIB. Radiolabeled wild-type stem–loop IIB (0.5 nM) was combined with increasing concentrations of purified wild-type Rev protein bearing
an N-terminal hexahistidine tag. The complexes were separated from free RNA by electrophoresis on a nondenaturing gel.
(C) Correlation of Kd values with repression ratios. The plotted data were obtained from the table in Figure 2A. Note that 1 must be subtracted
from the repression ratios prior to their quantitative comparison, as a repression ratio of 1.00 indicates the absence of detectable binding in
E. coli.
To test whether the degree of translational repression targets i and j, Kd,i /Kd,j 5 (Rj 2 1)/(Ri 2 1), where R is the
repression ratio.) We conclude that the relative affinity ofby Rev in E. coli accurately reflected its binding affinity
for stem–loop IIB, we introduced a variety of nucleotide these RNAs for Rev can be estimated quantitatively by
performing b-galactosidase assays and qualitatively byand base-pair substitutions into a region of stem–loop
IIB known from SELEX (systematic evolution of ligands examining colony color on X-Gal plates. The correlation
between translational repression and RNA-binding affin-by exponential enrichment) analysis to be critical for
Rev binding (Bartel et al., 1991). We then measured the ity suggests a genetic strategy for rapidly identifying
Rev mutants with altered binding properties.effect of these RNA mutations on the ability of Rev to
repress translation in E. coli (Figure 2A). In these experi-
ments, the repression ratio of 34 observed for the wild- Identification of Rev Variants That Suppress
Defects in Stem–Loop IIBtype stem–loop was markedly reduced by point muta-
tions in stem–loop IIB that map tonucleotides previously We nextset out to identify aminoacid residues important
for the binding specificity of Rev, with the expectationidentified in vitro as important for Rev binding. The three
RNA mutations causing the most severe defects (G47U, that this information would provide important insights
into the way in which Rev docks with its RNA target.G48C, A73U) were those expected to constrict the major
groove of the internal loop by creating a Watson-Crick Because we felt that gain-of-function mutations would
be more informative than the many mutations that wouldor wobble (G:U) base pair there.
To allow a quantitative comparison of the repression merely disrupt Rev binding, we decided to mutagenize
Rev randomly and to screen on indicator plates for Revratios measured for various stem–loop IIB mutants in E.
coli and their affinity for Rev, we measured the equilib- mutants that were better able to repress lacZ expression
from plasmid pLACZ-IIB variants containing deleteriousrium binding constant (Kd) of Rev for stem–loop IIB and
several variants thereof in vitro. For this purpose, the point mutations in the Rev binding site. Using error-
prone polymerase chain reaction (PCR) as a mutagene-full-length Rev protein bearing an N-terminal hexahisti-
dine tag was overproduced in E. coli and purified to sis method (Cadwell and Joyce, 1992), we generated a
plasmid library of Rev gene variants that contained, onhomogeneity. The binding constants of the stem–loop
IIB RNAs were then determined by performing gel-shift average, 1–2 mutations per gene between codons 1 and
106. This library was introduced into a set of 11 E. coliassays in which radiolabeled RNA was combined with
increasing amounts of the purified protein (Figure 2B). strains that each contained a pLACZ-IIB derivative with
a different stem–loop IIB mutation (Figure 2A), and theConsistent with the expectation that the repression ra-
tios measured in E. coli should be indicative of relative resulting chloramphenicol-resistant transformants were
examined on X-Gal plates for colonies that were lessequilibrium binding affinities, there is an excellent corre-
lation between these repression ratios and the Kd values blue as a result of improved Rev binding. The reduction
in lacZ expression was then confirmed by performingmeasured in vitro (Figure 2C.) (In theory, for two RNA
Cell
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Table 2. Repression Ratios for Rev Variants with Stem–Loop IIB Mutants
Rev Stem–loop IIB
Wild-type G47A G47C G47U G71U A73G C74U G46A 1 C74U C49U C49U 1 G70A
Wild-type 38 6 2 2.9 6 0.1 3.1 6 0.2 1.11 6 0.03 1.60 6 0.03 1.23 6 0.03 1.18 6 0.02 8.7 6 0.7 1.36 6 0.09 1.22 6 0.05
Q36L 19 6 1 1.21 6 0.03 1.01 6 0.05 0.94 6 0.03 1.74 6 0.06 1.00 6 0.03 1.00 6 0.02 4.3 6 0.1 1.00 6 0.01 1.57 6 0.05
Q36G 31 6 1 18.6 6 0.9 20.7 6 2.0 2.1 6 0.2 1.06 6 0.05 2.6 6 0.1 1.03 6 0.01 3.5 6 1.0 0.97 6 0.03 1.05 6 0.02
N40H 2.1 6 0.1 1.24 6 0.04 1.13 6 0.05 0.99 6 0.02 1.01 6 0.03 3.2 6 0.1 1.01 6 0.02 1.77 6 0.02 0.96 6 0.02 0.96 6 0.03
N40Q 1.45 6 0.03 1.64 6 0.04 1.32 6 0.11 1.03 6 0.03 0.95 6 0.04 5.0 6 0.2 0.98 6 0.05 1.07 6 0.04 0.94 6 0.03 0.98 6 0.02
E47A 48 6 1 7.9 6 0.2 7.3 6 0.8 1.25 6 0.03 2.6 6 0.1 1.99 6 0.04 1.42 6 0.05 12.1 6 0.3 1.75 6 0.05 1.42 6 0.04
Q51R 35 6 2 7.9 6 0.2 8.2 6 0.6 1.29 6 0.03 2.9 6 0.1 1.82 6 0.04 1.52 6 0.08 14.6 6 0.3 1.91 6 0.08 1.41 6 0.04
Wild-type G47A G47C G48A G71A G71U A73G G46A 1 C74U G49A 1 C70U C49U 1 G70A
Wild-type 32 6 1 2.7 6 0.3 3.1 6 0.2 5.8 6 0.1 4.6 6 0.1 1.53 6 0.03 1.18 6 0.10 8.9 6 0.4 1.28 6 0.05 1.21 6 0.04
Q36S 31 6 3 4.1 6 0.3 3.9 6 0.7 3.3 6 0.2 3.4 6 0.2 1.50 6 0.08 1.26 6 0.09 13.1 6 0.7 3.1 6 0.1 1.53 6 0.05
Q36R 26 6 1 1.88 6 0.17 2.5 6 0.2 1.44 6 0.07 8.6 6 0.2 1.54 6 0.10 1.15 6 0.10 4.9 6 0.1 1.14 6 0.02 1.14 6 0.05
Measurements were made as described for Figure 2A. For each stem–loop IIB mutant tested, repression ratios significantly greater than that observed with wild-
type Rev ((Ri21)/(Rwild-type21) $ 2) are shown in italicized boldface type.
spectrophotometric b-galactosidase assays. Western repress lacZ mRNAs containing other stem–loop IIB
variants. Similarly, replacing Asn-40 with a histidine resi-blot analysis indicated that the enhanced repression
observed for the mutant proteins did not result from a due (N40H) caused a marked and specific enhancement
of repression in the context of a stem–loop IIB variantsignificant increase in the cellular concentration of Rev
(data not shown). bearing an A73G substitution but did not increase re-
pression in other RNA contexts. The allele-specific re-Rev variants that substantially enhanced repression
of lacZ mRNA bearing a mutant copy of stem–loop IIB pression phenotype of these Rev mutations indicates
that the affected protein residues (Gln-36 and Asn-40)were characterized further. By DNA sequencing, we
identified the protein mutations responsible for the ob- play an important role in defining the binding specificity
of Rev.served changes in the binding properties of Rev. Each
of these Rev mutants contained one of five different Because many of the 19 possible amino acid substitu-
tions cannot be accessed by introducing a single pointamino acid substitutions: Q36L, N40H, E47A, E47V, or
Q51R. All of these mutations mapped to the arginine- mutation within a given codon, we realized that we might
have missed other interesting Rev mutants by relyingrich region of the protein thought to mediate RNA bind-
ing (see Figure 1A). Independent Rev clones containing solely on low frequency mutagenesis by error-prone
PCR. Consequently, we decided to perform saturationmost of these mutations were isolated more than once,
indicating that the screening procedure was compre- mutagenesis on a region of Rev that contains the al-
tered-specificity mutations Q36L and N40H as well ashensive for the genetically accessible amino acid substi-
tutions. Some of these Rev variants carried additional three arginine residues and a threonine residue that were
previously implicated in RNA binding on the basis ofmutations as well, but because the phenotype of the
multiple mutants was identical to that of the correspond- alanine substitution mutagenesis (Tan et al., 1993). A
set of seven plasmid libraries was created in which Reving single mutants, the additional mutationswere judged
to be irrelevant to RNA binding. codons 34–40 (encoding TRQARRN in wild-type Rev)
were each randomized individually. These libraries wereThe Rev variants that contained single amino acid
substitutions were analyzed quantitatively by measuring then used to screen for additional Rev variants that
could suppress the deleterious effects of an expandedrepression ratios for each mutant protein with wild-type
stem–loop IIB and various stem–loop IIB mutants. These set of stem–loop IIB mutations. In addition to Q36L and
N40H, four new Rev suppressor mutations were identi-measurements allowed the Rev suppressor mutations
to be categorized on the basis of their allele specificity. fied in this manner: N40Q, Q36S, Q36G, and Q36R (Table
2). Like N40H, the N40Q mutation specifically enhancedOne group of mutations (E47A, E47V, or Q51R) was
found to enhance the repression of reporter mRNAs repression of a lacZ mRNA bearing a stem–loop IIB
variant with an A73G substitution. Furthermore, consis-bearing a variety of different stem–loop IIB defects (Ta-
ble 2; otherdata not shown). Since these mutantproteins tent with the specificity of Rev-Q36L for the C49U:G70A
base-pair variant, the Q36S mutation significantly in-were present in E. coli at the same cellular concentration
as wild-type Rev, the enhanced repression observed for creased the ability of Rev to repress a reporter mRNA
with either an A:U or a U:A substitution at the samethe E47A, E47V, and Q51R mutants evidently results
from a nonspecific increase in RNA-binding affinity C49:G70 base pair. Another two Rev mutations at posi-
tion 36 enhanced binding to stem–loop IIB variants withcaused by these Rev mutations.
Members of the other group of Rev mutants were substitutions at nearby base pairs. In particular, the
Q36G mutation enhanced repression of lacZ mRNAscharacterized by their altered specificity (Table 2). Re-
placing Gln-36 with a leucine residue (Q36L) specifically containing stem–loop IIB variants with any of a variety of
changes in the noncanonical G47:A73 base pair (G47A,enhanced repression of a lacZ mRNA with a particular
base-pair substitution in stem–loop IIB (C49U 1 G70A) G47C, G47U, or A73G), and the Q36R mutation in-
creased repression of a stem–loop IIB variant in whichbut did not significantly improve the ability of Rev to
Genetic Analysis of HIV-1 Rev
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Table 3. Equilibrium Dissociation Constants for Complexes of Rev Variants with Stem–Loop IIB Mutants
Rev Stem–loop IIB
Wild-type G47A G71U A73G C49U 1 G70A
Wild-type 4.8 6 0.7 280 6 50 990 6 170 12,000 6 1,000 20,000 6 3,000
Q36L 4,000 6 500
Q36G 5.4 6 1.1 3.9 6 0.3 3,900 6 600 320 6 20
N40H 400 6 90 12,000 6 900 160 6 20
N40Q 1,700 6 400 1,400 6 400 26 6 5
E47A 39 6 9 130 6 30 280 6 20
Q51R 18 6 2 68 6 8 250 6 30
Kd measurements were performed as described for Figure 2B. For each RNA tested, Kd values lower than that observed for the complex with
wild-type Rev are shown in italicized boldface type.
the intervening G48:G71 base pair had been converted to the wild-type stem–loop by a factor of 4–8, a reduction
in affinity that was not revealed by our genetic experi-to a G:A pair. The finding that these four new altered-
specificity mutants again contained substitutionsat Gln- ments (Table 2). Consequently, these two Rev variants
might best be described as relaxed-specificity mutants.36 and Asn-40 further supports the notion that these
two protein residues play a crucial role in target recogni- Together, these genetic and biochemical data sug-
gest that there are four sites in Rev (Gln-36, Asn-40,tion by Rev.
Glu-47, and Gln-51) where amino acid substitutions can
enhance the affinity of this protein for mutant forms ofIn Vitro Characterization of Rev Variants
To corroborate these findings, six Rev variants (Q36L, stem–loop IIB. All four of these residues map to the
arginine-rich region of Rev previously implicated as itsQ36G, N40H, N40Q, E47A, and Q51R) were overpro-
duced as hexahistidine-tagged proteins in E. coli, puri- RNA-binding domain. Interestingly, these four amino
acid residues are all clustered along one face of thisfied to homogeneity, and tested for their binding affinity
and specificity in vitro. The measured Kd values (Table a-helical Rev domain (Figure 3), suggesting that this
face of the protein helix mediates the sequence-specific3) confirmed the conclusions drawn from the genetic
studies. docking of Rev with stem–loop IIB by burying itself in
the broad major groove formed there and contactingFrom these in vitro assays, it is clear that replacing
Asn-40 with a glutamine or histidine residue causes a specific RNA nucleotides.
dramatic change in the binding specificity of Rev. Thus,
the N40Q mutant binds almost 500-fold more tightly Target Specificity of Wild-Type Rev
than the wild-type protein to a stem–loop IIB variant and Rev-N40Q in Mammalian Cells
bearing an A73G mutation, with an affinity nearly as To demonstrate that the altered binding specificity ob-
great as that of the wild-type protein for the wild-type served for the N40Q Rev variant in E. coli and in vitro
stem–loop. Furthermore, compared to the wild-type pro- is relevant to the function of Rev in mammalian cells,
tein, this Rev variant binds only 1/350 as well to the we tested the specificity of this protein and wild-type
wild-type stem–loop. Similarly, the N40H mutant binds Rev in the nuclear export of unspliced RRE–containing
the A73G stem–loop 75 times more tightly than does
wild-type Rev and binds the wild-type stem–loop 1/80
as well as the wild-type protein. As expected from the
repression ratios measured in E. coli, neither of these
Rev mutations improves binding to a stem–loop IIB vari-
ant with a mutation at another position (G47A).
Consistent with our genetic data, replacing Gln-36
with a glycine residue causes a 35–70-fold improvement
in the binding affinity of Rev for stem–loop IIB variants
containing a G47A or A73G mutation without improving
binding to either the wild-type stem–loop or to a mutant
stem–loop with a G71U substitution. In fact, the affinity
of this Q36G mutant for the G47A stem–loop is as great
as that of the wild-type protein for the wild-type stem–
loop. A fourth altered-specificity mutation, Q36L, causes
a 4–5-fold improvement in Rev binding to a stem–loop
IIB variant with the base-pair substitution C49U 1 G70A,
another finding anticipated on the basis of our genetic
studies in E. coli.
As expected, the amino acid substitutions E47A and Figure 3. Radial Distribution of the Amino Acid Residues Altered in
Q51R cause a nonspecific 2–4-fold increase in the affin- the Rev Suppressor Mutants
ity of Rev for two different stem–loop IIB mutants. On The four Rev residues altered in the suppressor mutants are high-




We have developed a broadly applicable genetic proce-
dure for investigating the structural basis for RNA target
recognition by RNA-binding proteins. Using this strat-
egy, which is based on translational repression in E.
coli, we have been able to screen rapidly hundreds of
randomly generated Rev protein variants and to identify
a small set of gain-of-function mutations that either alter
the binding specificity of Rev or enhance its affinity for a
variety of stem–loop IIB mutants. The altered-specificity
mutations that we have identified demonstrate the mal-
leability of target recognition by arginine-rich RNA-BPs
by showing that the specificity of such a protein can be
markedly changed by a single amino acid substitution.
All of the suppressor mutations in Rev map to a single
face of an arginine-rich a-helix that has been implicated
Figure 4. Target Specificity of Wild-Type Rev and Rev-N40Q in as the RNA-binding domain (Tan et al., 1993). Our ge-
Mammalian Cells netic data strongly suggest that this arginine-deficient
The bar graph compares the level of intronic CAT gene expression in face of the protein helix mediates the sequence-specific
293 cells after transient cotransfection with a CAT reporter plasmid docking of Rev with the broad major groove of stem–
containing a wild-type or mutant RRE (pDM128 or pDM128-A73G),
loop IIB by making specific amino acid–nucleotide con-a control plasmid encoding b-galactosidase (pCH110), and either
tacts, as defined by the altered-specificity mutationsno additional plasmid, a plasmid encoding wild-type Rev (pRSV-
that we have identified in Rev.Rev), or a plasmid encoding Rev-N40Q (pRSV-Rev-N40Q). In each
experiment, CAT activity (arbitrary units) was normalized to the level
of b-galactosidase activity. Error bars represent the standard devia-
tion of the mean of multiple measurements. Structure of the Complex between Rev
and RRE Stem–Loop IIB
Previously, it was proposed that the arginine-rich Revpre-mRNAs in a human kidney cell line. For this purpose,
293 cells were transiently cotransfected with a DNAmix- a-helix comprising amino acid residues 34–50 binds to
RRE stem–loop IIB in a broad major groove formed byture that included, first, a reporter plasmid encoding a
transcript in which a chloramphenicol acetyltransferase two noncanonical base pairs (G47:A73 and G48:G71)
and some surrounding Watson-Crick base pairs (Bartel(CAT) coding sequence had been inserted into an intron
that also contained either a complete wild-type HIV-1 et al., 1991; Iwai et al., 1992; Tan et al., 1993; Battiste
et al., 1994; Leclerc et al., 1994; Peterson et al., 1994).RRE or an RRE with an A73G point mutation in stem–
loop IIB; second, a plasmid for the expression of wild- Our finding that all of the Rev suppressor mutations
map to residues 36–51 supports the hypothesis that thistype Rev or the N40Q Rev mutant in mammalian cells;
and third, an expression plasmid that encoded b-galac- a-helix is the RNA-binding domain of Rev. Moreover,
our data now provide genetic evidence as to how thetosidase (an internal control for assessing transfection
efficiency). Rev a-helix docks in the major groove of the RNA double
helix. First, the orientation of the Rev a-helix relativeBecause the CAT sequence in the reporter gene is
intronic, it can only be expressed when the unspliced to the RNA major groove is defined by five altered-
specificity mutations: Q36L and Q36S, whichspecificallyreporter pre-mRNA is exported from the nucleus. By
facilitating the nuclear export of this unspliced pre- enhance binding to a stem–loop IIB mutant in which the
C49:G70 base pair has been replaced with a U:A or A:UmRNA, wild-type Rev stimulates CAT expression in 293
cells transfected with a reporter gene containing an un- base pair; Q36R, which specifically improves binding to
a stem–loop mutant in which the noncanonical G48:G71mutated RRE (Figure 4). This ability of Rev to mediate
pre-mRNA export is dependent on its binding specificity base pair has been replaced with a G:A base pair; and
N40Q and N40H, which each specifically enhance bind-and is impaired by either an A73G mutation in stem–loop
IIB or an N40Q mutation in Rev. The residual activity of ing to stem–loop IIB mutant A73G. Second, the face of
the Rev a-helix that buries itself in the major groove ofwild-type Rev with the mutant RRE and of Rev-N40Q
with the wild-type RRE may be due to the fact that Rev stem–loop IIB is defined by the radial clustering of the
Rev side chains altered by our suppressor mutationscan also bind cooperatively at secondary sites within
the full-length RRE (Mann et al., 1994). In combination, (Gln-36, Asn-40, Glu-47, and Gln-51), all of which map
to a single face of the protein helix (Figure 3). Finally,these RNA and protein mutations restore the ability of
Rev to direct the nuclear export of the unspliced RRE– the longitudinal register of the Rev a-helix relative to
the RNA major groove is defined by the N40Q altered-containing pre-mRNA with an efficiency nearer to that
of wild-type (Figure 4). These findings indicate that the specificity mutation, whose potency and specificity
strongly suggest that Rev amino acid 40 directly con-target specificity of a fully functional Rev protein can be
reprogrammed in mammalian cells by the same amino tacts stem–loop IIB nucleotide 73.
These structural constraints allow a model to be pro-acid substitution that alters its specificity in E. coli and
in vitro. posed for the complex of the arginine-rich Rev a-helix
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Figure 5. Model of the Complex of the Arginine-Rich Rev a-Helix with Stem–Loop IIB
This model was constructed on the basis of the known structure of stem–loop IIB (Battiste et al., 1995), the a-helical conformation of this
region of Rev (Tan et al., 1993), and the structural constraints suggested by the Rev altered-specificity mutations. The position of the Rev
a-helix in the RNA major groove was fine-tuned by positing that the side chain of Asn-40 contacts N6 and N7 of nucleotide A73 via two
parallel hydrogen bonds and by rotating about the Ca–Cb and Cb–Cg bonds of Asn-40 so as to align the axis of the protein helix with the
major groove of stem–loop IIB. The resulting torsion angles (x1 and x2) are consistent with those commonly adopted by asparagine side chains
(Ponder and Richards, 1987; Dunbrack and Karplus, 1993). In this model, the location of the RNA residues, the protein a-helix, and the Asn-
40 side chain is defined. For Gln-36, Glu-47, and Gln-51, the location of the side-chain atoms other than Cb is not defined. Other side chains
are not shown. The space between the protein a-helix and the RNA appears adequate to accommodate each amino acid side chain. White,
protein Ca backbone. Red, Gln-36 and Gln-51. Light blue, Asn-40. Violet, Glu-47. Brown, simplified RNA backbone. Yellow, G47, G48, G70,
and G71. Green, C49. Pink, A73. Gray, other RNA bases. The figure was prepared with MOLSCRIPT and RASTER3D (Jones et al., 1991;
Kraulis, 1991; Merritt and Murphy, 1994). Left, axial view. Right, side view.
with stem–loop IIB. This model was constructed by man- tion in Rev can suppress mutations affecting either the
C49:G70, G48:G71, or G47:A73 base pair. Glu-47 andually docking an a-helix comprising Rev residues 34–52
with the major groove of stem–loop IIB (Figure 5). For Gln-51 are located further out along the same face of
the Rev a-helix, close to the phosphodiester backbonethis purpose, we took advantage of the fact that the
structure of stem–loop IIB in the complex has recently of stem–loop IIB. Replacing the negatively charged Glu-
47 residue with a neutral alanine or valine residue mightbeen determined by NMR analysis of the RNA compo-
nent of this complex (Battiste et al., 1995). Although the therefore be expected to reduce electrostatic repulsion
between Rev and the negatively charged phosphodies-model in Figure 5 depicts a limited region of Rev, it
should be noted that the suppressor data on which the ter backbone of stem–loop IIB and to enhance binding
nonspecifically, as observed. Similarly, replacing the un-model is based were acquired in the context of the full-
length Rev protein and that all of the mutations known charged Gln-51 residue with a positively charged argi-
nine residue could nonspecifically enhance binding byto affect RNA binding in a significant manner map to
this region of the protein. creating a favorable electrostatic interaction between
Rev and the phosphodiester backbone.In the resulting model, the side chain of Asn-40 con-
tacts theadenine base of RNA nucleotide73 (see below). Among the remaining residues in this arginine-rich
Rev domain, it appears from our model that many couldMeanwhile, the side chain of Gln-36 lies in close proxim-
ity to nucleotides C49, G48, and G47, which could ex- potentially contact the RNA directly. This set of protein
residues includes six (Thr-34, Arg-35, Arg-38, Arg-39,plain why different amino acid substitutions at this posi-
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Asn-40, Arg-44) whose mutation to alanine significantly structural rearrangement that accommodates the point
mutations in the protein and RNA without disrupting theimpairs binding by a Rev oligopeptide to the wild-type
stem–loop (Tan et al., 1993). The absence of Rev sup- contacts made by the surrounding amino acid residues
and nucleotides. This hypothesis is consistent both withpressor mutations at a number of these positions sug-
gests that some amino acid residues may be irreplace- the highly conservative nature of the N40Q substitution,
which adds a single methylene group to the side chainable in any RNA context. In light of our model for the
Rev–RNA complex, the radial dispersion of these six of Asn-40, and with the indistinguishable binding inter-
ference patterns observed for the complex of Rev withprotein residues about the arginine-rich Rev a-helix (Fig-
ure 3) is not surprising, since this protein helix appears stem–loop IIB and of Rev-N40Q with the A73G stem–
loop following RNA modification with diethylpyrocarbo-to nestle deep within the RNA major groove (Figure 5).
Moreover, this model provides an explanation for why nate (data not shown). The effect of the A73G nucleotide
substitution on the structure of stem–loop IIB wouldthese important residues are clustered in the N-terminal
portion of the Rev a-helix, since it is this region of the likely be toshift the location and orientation of a potential
hydrogen bond donor and hydrogen bond acceptor inhelix that is surrounded by the major groove (Figure 5).
Indeed, structural extrapolation of our model suggests the RNA major groove. Without significant and disrup-
tive movement by the backbone of the arginine-rich Revthat Rev residues upstream of Thr-34 might also contact
the RNA. Finally, among the RNA nucleotides that could a-helix, this repositioning of nucleotide 73 could place
it beyond the reach of an asparagine residue but couldlie within reach of Rev side chains are several (G46, G47,
G48, C49, C51, U66, G67, G70, G71, A73, C74) whose leave this purine base well situated to form a pair of syn
hydrogen bonds with the oxygen and nitrogen atoms ofidentity is critical for binding by wild-type Rev (Figure
2; Bartel et al., 1991). the longer Gln-40 side chain.
A virtue of models for Rev recognition of stem–loopThis model is the first for a member of the a-helical
subclass of arginine-rich RNA-binding domains (Tan and IIB nucleotide 73 via bidentate hydrogen bonding is that
they can explain the behavior of the Rev variant with aFrankel, 1995). As such, it provides a structural frame-
work for understanding how RNA can be recognized histidine substituted at position 40. Although histidine
cannot mimic either of the syn hydrogen bonds of anby a protein a-helix. The only arginine-rich RNA-BP for
which a detailed structure of the RNA complex has been asparagine residue that interacts in the bidentate fash-
ion proposed above, a histidine side chain can adopt areported is a peptide derived from the bovine immuno-
deficiency virus Tat protein (Puglisi et al., 1995; Ye et conformation that would allow its Ne2 nitrogen to donate
or accept a single hydrogen bond with a location andal., 1995). Unlike Rev, that peptide binds to its target as
a b turn, suggesting that members of the arginine-rich orientationvery similar to one of thesyn hydrogen bonds
formed by a glutamine residue engaged in a bidentatefamily of RNA-BPs use at least two distinct structural
motifs to bind RNA. interaction via its Ne2 and Oe1 atoms. Consistent with
these structural considerations, we find that the N40H
substitution markedly reduces the affinity of Rev for
Interaction between Rev Amino Acid 40 wild-type stem–loop IIB and that Rev-N40H resembles
and Stem–Loop IIB Nucleotide 73 Rev-N40Q in its high affinity for the A73G stem–loop
Although many factors may contribute to the free energy (Table 3).
of interaction between Rev and its target, it is useful as
a starting point to consider the role of intermolecular The Genetic System
hydrogen bonding. To account for the critical impor- A key to elucidating the function of RNA-binding pro-
tance of Rev amino acid 40 in the specific recognition teins is to understand the structural basis for their target
of stem–loop IIB nucleotide 73, we propose that the specificity. The rapid genetic strategy that we have de-
amide oxygen and nitrogen of the Asn-40 side chain veloped for investigating how RNA-BPs recognize their
may form a pair of parallel (syn) hydrogen bonds with RNA targets should be broadly applicable to a variety
the major groove nitrogens (N6 and N7) of A73 in the of different proteins, provided that these proteins retain
wild-type complex. This bidentate mode of recognition their RNA-binding activity in E. coli and can be produced
would be analogous to that used by asparagine and at an effective concentration significantly above the in
glutamine residues in the recognition helix of many DNA- vivo Kd. Our data show that lacZ translation can be
binding proteins to contact adenine bases in the major repressed when either an arginine-rich RNA-BP (Rev)
groove of double-stranded DNA (Aggarwal et al., 1988; or an RRM–family RNA-BP (U1A) binds the transcript
Kissinger et al., 1990; Wolberger et al., 1991; Beamer directly beside the ribosome binding site, and we antici-
and Pabo, 1992; Klemm et al., 1994; Raumann et al., pate that representatives of other RNA-BP families will
1994; Mandel-Gutfreund et al., 1995), and it is consonant be similarly amenable to analysis by this genetic strat-
with the structure of the G47:A73 base pair in stem–loop egy. Indeed, the steric occlusion of ribosome binding
IIB (Battiste et al., 1995), the altered specificity of Rev- sites is a naturally occurring mechanism that E. coli and
N40H (see below), and the impediment to Rev binding its phages already exploit to regulate gene expression
that results when the N7 position of A73 is modified posttranscriptionally (Gold, 1988). Translational repres-
with diethylpyrocarbonate (Kjems et al., 1992). Other sion by heterologous RNA-BPs has also been reported
hydrogen bonding schemes are also conceivable. in eukaryotic cells (Stripecke et al., 1994).
The high affinity of the N40Q Rev mutant for the stem– To identify protein residues important for RNA bind-
loop IIB variant with an A73G substitution suggests that ing, we screened for amino acid substitutions that sup-
pressed the deleterious effect of mutations in the RNAtheir highly specific mutual recognition involves a local
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target. Compared with mutations that merely disrupt more to target recognition by this protein than just a
high density of positively charged arginine residues.RNA binding (e.g., site-directed alanine substitutions),
such gain-of-function mutations are expected to be
much easier to interpret structurally and are more likely Experimental Procedures
to lie directly on the RNA-binding surface of the protein.
This is particularly so for allele-specific suppressor mu- Plasmids
tations that alter the binding specificity of the protein, The Rev expression plasmid pREV1 was constructed by subcloning
since these are likely to define direct contacts between a synthetic gene encoding the wild-type HIV-1 Rev protein (Heaphy
et al., 1990) into a pACYC184-derived plasmid encoding resistanceprotein residues and specific RNA nucleotides that can
to chloramphenicol. In this manner, the full-length Rev protein be-be used as structural constraints in model building.
came fused to an N-terminal hexapeptide (MRGSIH), and its synthe-Because gain-of-function mutations in an RNA-BP are
sis was brought under the control of a strong IPTG–inducible pro-
expected to be rare, their identification requires a moter derived from pUHE24.2 (a gift from Dr. H. Bujard, University
method for rapidly screening complex libraries of ran- of Heidelberg). The human U1A expression plasmid pU1A was con-
dom protein mutants. By examining colony color on structed from pREV1 by replacing Rev codons 1–106 with U1A co-
dons 1–102, encoding the N-terminal RNA-binding domain of U1A.X-Gal plates, we were able to screen a randomly mu-
The reporter plasmids pLACZ-IIB and pLACZ-U1hpII were deriva-tated Rev library containing approximately 500–600 dif-
tives of pNK2227 (Jain and Kleckner, 1993) that contained an M13ferent amino acid substitutions for enhanced binding to
replication origin and an ampicillin-resistance gene. The reporter
11 different stem–loop IIB variants. In this manner, more plasmids were constructed by using site-directed mutagenesis to
than 5000 different RNA–protein interactions were incorporate a DNA segment encoding stem–loop IIB of the HIV-1
quickly tested. To overcome the limited variety of amino RRE or hairpin II of human U1 small nuclear RNA just upstream of
the initiation codon of an IS10 transposase-lacZ gene fusion andacid substitutions that could be sampled when muta-
just downstream of a T7 RNA polymerase promoter (see Figure 1).genizing at low frequency, we also found it helpful to
Point mutations were introduced within stem–loop IIB of pLACZ-IIBperform saturation mutagenesis of individual codons
by site-directed mutagenesis. For overproduction and purification
once the RNA-binding surface of Rev had been defined of the Rev protein and mutants thereof, the Rev gene (a 0.7 kb
by a less targeted approach. NdeI–NcoI fragment of pREV1) was cloned downstream of a T7 RNA
The genetic strategy that we have developed for ex- polymerase promoter between the NdeI and NcoI sites of pSG003,
a pET11-derived expression vector (Studier et al., 1990; Ghosh andamining Rev should be equally useful for isolating al-
Lowenstein, 1996). The resulting gene fusion encoded a chimeratered-specificity mutations in other RNA-BPs that could
comprising the full-length Rev protein preceded by the oligopeptideelucidate how those proteins dock with their targets. It
MGHHHHHHSGDDDKH.could also be employed as a rapid means for identifying
protein and RNA residues whose mutation impairs bind-
b-Galactosidase Assaysing. Furthermore, by using a different reporter gene that
Purified reporter plasmids and RNA-BP expression plasmids were
would allow a positive selection for RNA binding, this cotransformed into a lacZ2 E. coli strain, with antibiotic selection
strategy could permit the one-step cloning of cDNAs (ampicillin and chloramphenicol) for both plasmids. The host strain
that encode RNA-BPs that bind functionally important used for the assays described in Figure 1 was WM1/F9 (recA56 arg2
lac-proXIII nal r rif r/F9 lacIq). For all other b-galactosidase assays,RNA elements.
strain WM1 (recA56 arg2 lac-proXIII nal r rif r ) was used. From eachThis genetic method also makes it easy to assess the
plate of transformants, liquid cultures of 2–6 transformed colonieseffect of RNA and proteinmutations on binding affinities.
were grown overnight at 308C, and each overnight culture was di-
We have observed an excellent correlation between re- luted 1:33 into 1.5 ml of fresh Luria-Bertani medium containing ampi-
pression ratios measured in E. coli and Kd values mea- cillin and chloramphenicol. These cultures were then grown at 378C
sured in vitro. This correlation is sufficiently quantitative to an OD600 of approximately 0.5 and assayed for b-galactosidase
activity as described previously (Jain and Kleckner, 1993). For theto allow the relative binding affinities of RNA and protein
experiments described in Table 1, the liquid medium for the over-variants to be estimated from repression ratios obtained
night cultures was supplemented with 5 mM IPTG to induce a lowby spectrophotometric measurements of b-galactosi-
level of Rev or U1A synthesis. This low level of induction was neces-
dase activity in E. coli. This procedure for estimating sary to avoid the toxic effect of U1A overproduction during several
relative binding affinities is very rapid and should be generations of overnight growth and to minimize the background
applicable to many other RNA-BPs. By obviating the level of b-galactosidase prior to full induction of Rev or U1A synthe-
sis. The final cultures were then fully induced with 1 mM IPTG forneed to purify each RNA and protein molecule to be
90 min.examined, this method should greatly facilitate the anal-
ysis of RNA and protein mutants.
Screening for Suppressor MutationsIn conclusion, our data demonstrate the power of ge-
The Rev gene of plasmid pREV1 (10–19 mol) was mutagenically ampli-netics as a tool for investigating the features of RNA-
fied using an error-prone PCR procedure that creates all types ofBPs that enable them to recognize their RNA targets
transition and transversion mutations with roughly equal probability
specifically. By screening for suppressor mutations in (Cadwell and Joyce, 1992). The resulting PCR product contained
Rev that enhance its affinity for mutant RNAs, we have an average of two point mutations per Rev gene. The amplified
been able to map an RNA-binding surface of this protein DNA was digested with NdeI and SpeI to release a 0.3 kb fragment
comprising Rev codons 1–106. This mutagenizedRev gene fragmentand to model the structure of the complex formed by
was substituted for the corresponding fragment of pREV1, and theRev and RRE stem–loop IIB. Our discovery that an as-
resulting ligation product was transformed into E. coli to generate aparagine residue and a glutamine residue each play a
plasmid DNAlibrary derived from approximately 75,000 independent
critical role in determining the binding specificity of Rev transformants. This mutagenized Rev plasmid library was trans-
provides important insights into the way in which this formed into a set of 11 E. coli WM1-derived strains, each of which
paradigmatic arginine-rich RNA-BP distinguishes its contained a derivative of pLACZ-IIB with a different stem–loop IIB
mutation (see Figure 2A). The transformed cells were plated at aRNA target and demonstrates clearly that there is much
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density of 200–500 colonies/plate on minimal glucose medium con- templates for in vitro transcription were produced by cleaving wild-
type or mutant forms of pLACZ-IIB with EcoRI or TfiI. The resultingtaining X-Gal (30 mg/ml), ampicillin (100 mg/ml), chloramphenicol
(30 mg/ml), arginine (0.001%), proline (0.001%), and Luria-Bertani RNA transcripts began at the first nucleotide of the sequence shown
in Figure1B andended at the second uridine nucleotide downstreammedium (10%). The plates were incubated at 378C for 36–48 hr, and
for each reporter plasmid, 1000–2000 of the resulting antibiotic- of the stem–loop. Binding of Rev to RNA was performed in Buffer
Q (10 mM HEPES [pH 7.5], 150 mM KCl, 1% Triton X-100, 10%resistant colonies were screened for their color phenotype. Colonies
that were lighter blue in color than similar colonies containing wild- glycerol, 50 mg/ml of E. coli tRNA, 100 mg/ml of bovine serum albu-
min). Rev samples at various concentrations in Buffer Q (5 ml) weretype pREV1 and the same mutant reporter plasmid were inoculated
into Luria-Bertani medium containing ampicillin and chlorampheni- combined with radiolabeled RNA samples (approximately 0.5 nM)
in Buffer Q (5 ml) in siliconized 650 ml microfuge tubes (Marsh Bio-col and assayed for b-galactosidase activity in parallel with appro-
priate controls. Plasmid DNA was isolated from clones that consis- medical Products). The samples were incubated for 20 min at room
temperature (21–238C) and then loaded onto continuously runningtently displayed a suppressor phenotype and was retransformed
into WM1 cells containing the original pLACZ-IIB mutant to confirm 0.5 3 TBE, 10% polyacrylamide (29:1 acrylamide/bisacrylamide)
gels that had been prerun at 200 V for 1–2 hr. Electrophoresis wasthe phenotype of the mutant Rev plasmids. The identity of the amino
acid substitution or substitutions in Rev was then determined by continued for 1 hr at room temperature. The gels were dried, and
the radioactivity in the bands corresponding to free and bound RNADNA sequencing. Additional suppressor mutations were obtained
in a similar manner by using Rev plasmid libraries specifically ran- was quantitated using a Molecular Dynamics PhosphorImager. The
dissociation constant (Kd) was determined by interpolation to deter-domized at individual codons.
mine the protein concentration at which the ratio of bound to free
RNA was equal to 1. Each Kd value was determined from at least
Protein Purification two measurements using independent preparations of Rev. Kd val-
Plasmids encoding hexahistidine-tagged Rev variants were trans- ues less than or equal to 2 mM (Table 3) were determined using
formed into E. coli strain JM109 (lDE3) (a gift from Dr. E. C. C. Lin, three or more independent preparations of Rev.
Harvard Medical School), which expresses the T7 RNA polymerase
gene under control of a lac promoter. The resulting ampicillin-resis- Rev Specificity in Mammalian Cells
tant transformants were grown in Luria-Bertani medium (200 ml, The plasmids for Rev expression in mammalian cells were pRSV-
containing ampicillin) at 378C to OD600 of approximately 0.7. IPTG Rev (Hope et al., 1990) and pRSV-Rev-N40Q, which is identical
(0.5 mM) was added to induce Rev synthesis, and growth was con- except for an AAT→CAG mutation in codon 40 of the Rev gene. The
tinued for an additional 2 hr. The cells were harvested by centrifuga- reporter plasmids for assaying Rev activity in mammalian cells were
tion, resuspended in 2 ml Buffer A (50 mM Tris–Cl [pH 8.0], 0.5 M pDM128 (Hope et al., 1990), which has an intron containing a wild-
NaCl, 5 mM imidazole), and lysed by sonication on ice. The lysates type RRE and a CAT coding sequence, and pDM128-A73G, which
were microfuged at 14,000 rpm for 15 min, and each supernatant is identical except for an A73G mutation in the sequence encoding
was transferred to a microfuge tube containing approximately 100 RRE stem–loop IIB.
ml of Ni-NTA resin (Novagen). The tubes were vortexed gently and Human 293 kidney cells were grown in Dulbecco’s modified Ea-
laid on their sides on a rocking platform for 1 hr to allow the hexahis- gle’s medium containing 10% calf serum. The cells were transiently
tidine-tagged Rev protein to bind the resin. The resin was pelleted cotransfected by the calcium phosphate method (Sambrook et al.,
(1000 rpm, 1 min) and the supernatant discarded. The resin was 1989) with a DNA mixture comprising a reporter plasmid (pDM128
then subjected to the following series of alternating washes and or pDM128-A73G, 0.5 mg), a plasmid encoding Rev (pRSV-Rev or
microfuge spins (1 min, 1000 rpm), with a 1 min incubation between pRSV-Rev-N40Q, or pUC21 as a negative control, 0.1 mg), a control
each wash and spin: two washes with Buffer A (1 ml); two washes plasmid encoding b-galactosidase (pCH110, 0.1 mg), and carrier
with Buffer A (1 ml) supplemented with 95 mM imidazole, and one DNA (pUC21, 9.3 mg). After transfection (36 hr), cytoplasmic extracts
wash with Buffer A (150 ml) supplemented with 195 mM imidazole. were prepared by three successive freeze–thaw cycles (Rosenthal,
Hexahistidine-tagged Rev was eluted from the resin by adding 1987) and assayed for b-galactosidase and CAT activity. b-galacto-
Buffer A (150 ml) supplemented with 495 mM imidazole, incubating sidase assays were performed as described (Jain and Kleckner,
at room temperature for 5 min, and microfuging at 14,000 rpm for 1993). CAT assays were performed at 378Cin a 50 ml reaction mixture
2 min. The supernatant (150 ml) containing the eluted protein was containing Tris–Cl (0.25 M [pH 7.5]), [14C] 1-deoxychloramphenicol
carefully removed and stored at 48C. The Rev fractions thereby (92 mM, Amersham), acetyl CoA (250 mM), and cell extract (10–20
obtained were judged to be more than 90% pure by gel electropho- ml). The reactions were quenched after 30 min by extraction with
resis. ethyl acetate (the extent of reaction was less than or equal to 35%),
To determine the concentration of the hexahistidine-tagged Rev and the reaction products were separated by thin-layer chromatog-
protein and its derivatives (14.8 kDa), protein samples were loaded raphy on silica (95% chloroform, 5% methanol) and quantitated
onto a 14% polyacrylamide–SDS gel beside different known using a Molecular Dynamics PhosphorImager.
amounts of two reference proteins, a-lactalbumin (14.2 kDa) and
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